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( 57 ) ABSTRACT 
An array of antenna elements are located in relation with a 
plurality of pre - characterized reference detectors . At base 
band frequencies , a transmit radiation pattern of the array of 
antenna elements is sensed with the plurality of pre - charac 
terized reference detectors , at a plurality of phase and gain 
settings , to detect mismatch among two or more elements of 
the array of antenna elements . Phase and gain settings for the 
array antenna elements are updated to correct the mis 
match . 
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ANTENNA CALIBRATION and gain settings of the array of variable gain amplifiers and 
phase shifters for the array of antenna elements to correct the 

STATEMENT OF GOVERNMENT RIGHTS mismatch . 
In yet another aspect , an exemplary antenna calibration 

Not Applicable . 5 system , for calibrating an array of antenna elements in a 
receive mode , includes an array of variable gain amplifiers 

CROSS - REFERENCE TO RELATED and phase shifters corresponding to the array of antenna 
APPLICATIONS elements and having a receive signal output and a plurality 

of gain and phase control inputs ; a plurality of pre - charac 
Not Applicable . 10 terized reference transmitters , located in relation with the 

array of antenna elements , and positioned to radiate to the 
FIELD OF THE INVENTION array of antenna elements ; and logic configured to update 

phase and gain settings of the array of variable gain ampli 
The present invention relates to the electrical , electronic , fiers and phase shifters for the array of antenna elements to 

computer , and mechanical arts , and , more particularly , to 15 correct mismatch among two or more elements of the array 
mobile and wireless networking and the like . of antenna elements sensed , at baseband frequencies , with 

the array of antenna elements 
BACKGROUND OF THE INVENTION As used herein , “ facilitating ” an action includes perform 

ing the action , making the action easier , helping to carry the 
Measurement and calibration of beam patterns is pertinent 20 action out , or causing the action to be performed . Thus , by 

for multiple antenna systems such as phased arrays and way of example and not limitation , instructions executing on 
multiple - input and multiple - output ( MIMO ) systems . Con one processor might facilitate an action carried out by 

instructions executing on a remote processor , by sending ventional calibration techniques used for antenna validation appropriate data or commands to cause or aid the action to 
tend to be costly and / or time - consuming , involve the use of 25 be performed . For the avoidance of doubt , where an actor external antennas , employ high frequency signal character facilitates an action by other than performing the action , the ization , rely on mechanical movements for each test , and / or action is nevertheless performed by some entity or combi 
do not take the antenna pattern into account . nation of entities . 

Techniques of the present invention can provide substan 
SUMMARY OF THE INVENTION 30 tial beneficial technical effects . For example , one or more 

embodiments provide one or more of : Principles of the invention provide techniques for antenna Fast , electronically controlled measurements without 
calibration . In one aspect , an exemplary method of calibrat need for mechanical movements — reduces test time by 
ing an array of antenna elements in a transmit mode includes orders of magnitude 
locating the array of antenna elements in relation with a 35 No RF measurements are required : all measurements 
plurality of pre - characterized reference detectors ; sensing , at taken at baseband frequencies reducing measurement 
baseband frequencies , with the plurality of pre - characterized costs 
reference detectors , at a plurality of phase and gain settings , End to end calibration method measuring the performance 
a transmit radiation pattern of the array of antenna elements , of interest directly , rather than modeling the beam 
to detect mismatch among two or more elements of the array 40 pattern using indirect measurements 
of antenna elements ; and updating phase and gain settings Calibration of imperfections and variations among indi 
for the array of antenna elements to correct the mismatch . vidual antenna radiation patterns ( prior art methods 

In another aspect , an exemplary method of calibrating an assume uniform , identical radiation patterns between 
array of antenna elements in a receive mode includes antennas ) 
locating the array of antenna elements in relation with a 45 Scalable technique : accuracy can be easily improved by 
plurality of pre - characterized reference transmitters ; sens scaling the number of golden references 
ing , at baseband frequencies , with the array of antenna These and other features and advantages of the present 
elements , at a plurality of phase and gain settings , a receive invention will become apparent from the following detailed 
radiation pattern of the array of antenna elements , received description of illustrative embodiments thereof , which is to 
from the plurality of pre - characterized reference transmit- 50 be read in connection with the accompanying drawings . 
ters , to detect mismatch among two or more elements of the 
array of antenna elements ; and updating phase and gain BRIEF DESCRIPTION OF THE DRAWINGS 
settings for the array of antenna elements to correct the 
mismatch . FIGS . 1A and 1B ( collectively , FIG . 1 ) show a calibration 

In still another aspect , an exemplary antenna calibration 55 setup in transmit ( TX ) mode , according to an aspect of the 
system , for calibrating an array of antenna elements in a invention ; 
transmit mode , includes an array of variable gain amplifiers FIG . 2 shows a calibrated beam in transmit mode , accord 
and phase shifters corresponding to the array of antenna ing to an aspect of the invention ; 
elements and having a transmit signal input and a plurality FIGS . 3A and 3B ( collectively , FIG . 3 ) show a calibration 
of gain and phase control inputs ; a plurality of pre - charac- 60 setup in receive ( RX ) mode , according to an aspect of the 
terized reference detectors , located in relation with the array invention ; 
of antenna elements , and positioned to sense , at baseband FIG . 4 shows a calibrated beam in receive mode , accord 
frequencies , at a plurality of phase and gain settings of the ing to an aspect of the invention ; 
array of variable gain amplifiers and phase shifters , a trans FIG . 5 shows details of method steps 117-121 of FIG . 1A , 
mit radiation pattern of the array of antenna elements , to 65 according to an aspect of the invention ; 
detect mismatch among two or more elements of the array FIG . 6 shows details of method steps 317-321 of FIG . 3A , 
of antenna elements ; and logic configured to update phase according to an aspect of the invention ; and 
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FIG . 7 shows an exemplary computer system , configured 109-2 ... 109 - N . In step 119 , compare the detected phase 
to implement aspects of the invention . and amplitude with the values expected from an ideal phased 

array , and calculate adjusted values for the phase and gain 
DETAILED DESCRIPTION OF PREFERRED for the elements 103-1 , 103-2 ... 103 - m of the transmit array 

EMBODIMENTS 5 101. In step 121 , apply the new values to the array . 
FIG . 2 shows the situation after calibration , with like 

As noted above , measurement and calibration of beam elements having the same reference character . The main lobe 
patterns is pertinent for multiple antenna systems such as 215 is now lined up with Reference 2 109-2 and the side 
phased arrays and multiple - input and multiple - output lobes 211 , 213 are of similar size and lined up with Refer 
( MIMO ) systems . Conventional calibration techniques used 10 ence 1 109-1 and Reference N 109 - N respectively . 
for antenna validation tend to be costly and / or time - con In one or more embodiments , for a receiver , characterize 
suming , involve the use of external antennas , employ high a few golden transmitters using standard over - the - air 
frequency signal characterization , rely on mechanical move antenna measurements . These measurements will involve 
ments for each test , and / or do not take the antenna pattern RF measurements , and will characterize each element using 
into account . 15 prior art techniques . Place the golden transmitters at specific 

One or more embodiments advantageously provide tech spatial locations ( angle and / or distance ) of interest , typically 
niques for antenna calibration in phased arrays and MIMO side - lobe angles . Sense the radiation pattern at the angles of 
systems . We have found that often , concern is primarily with interest only . Transmit a signal from different angles of 
side - lobe performance , and knowledge of the exact beam interest to the DUT pointing at a fixed direction to sense 
pattern for each chip is not needed . In many cases , a priori 20 receive antenna beam pattern at the angles of interest . 
information about the phased array or MIMO system per Perform measurements with different settings in the DUT 
formance is available and can be utilized during calibration . for mismatch information between different elements ( see 

In one or more embodiments , for a transmitter , charac discussion of optional complete beam pattern estimation 
terize a few " golden ” receivers using standard over - the - air below ) . Actuate the receiver gain and phase for the desired 
antenna measurements in one or more embodiments , the 25 beam pattern at angles of interest while maintaining the 
receivers contain the function ( down conversion in fre highest main beam receiver gain . For testing multiple DUTS , 
quency for example ) that allows the calibration to be per swap the DUTs in and out , while keeping the measurement 
formed with base band frequencies ) . These measurements setup unchanged . 
involve radio frequency ( RF ) measurements , and will char Referring now to FIGS . 3A , 3B , and 6 , the device under 
acterize each element using known prior art techniques . 30 test 301 is a phased antenna array shown schematically at 
Place the golden receivers at specific spatial locations ( angle 301A , including a plurality of antenna elements 303-1 , 
and / or distance ) of interest , typically side - lobe angles . Sense 303-2 ... 303 - m . The signal received from each element is 
the radiation pattern the angles of interest only . Perform fed to a variable gain amplifier and phase shifter which are 
measurements with different settings in the device under test part of gain / phase control block 399 of FIG . 3A , shown in 
( DUT ) for mismatch information between different elements 35 detail in FIG . 3B . In particular , the signal received from each 
( see discussion of optional complete beam pattern estima element is fed to a variable gain amplifier 305-1 , 305-2 ... 
tion below ) . Actuate the transmitter gain and phase for the 305 - m and phase shifter 397-1 , 397-2 , 397 - m in an arrange 
desired beam pattern at angles of interest while maintaining ment providing gain and phase control . The received signal 
the highest main beam power level . For testing multiple is shown at 307. The references 1 , 2 ... N numbered 309-1 , 
DUTS , swap the DUTs in and out , while keeping the 40 309-2 ... 309 - N are located at polar coordinates R , 0 , ? 
measurement setup unchanged . relative to the DUT 301 at locations of interest ; in this 

Similarly , for a receiver , characterize a few “ golden ” instance , nominally aligned with side lobes 311 , 313 and 
transmitters . The “ golden ” receivers and “ golden ” transmit main lobe 315. FIG . 3A shows the situation before calibra 
ters are referred to herein as “ golden ” chips ; the skilled tion . Main lobe 315 is not lined up with Reference 2 309-2 
artisan will appreciate whether the “ golden ” chip is func- 45 and side lobes 311 , 313 are unequal . The references 309-1 , 
tioning as a receiver or transmitter depending on whether the 309-2 ... 309 - N are the above - mentioned golden chips , in 
device under test ( DUT ) is in transmit or receive mode . this non - limiting exemplary embodiment . In step 317 , turn 

Referring now to FIGS . 1A , 1B , and 5 , the device under on the reference transmitters 309-1 , 309-2 ... 309 - N one at 
test 101 is a phased antenna array shown schematically at a time and detect the received phase and amplitude of the 
101A , including a plurality of antenna elements 103-1 , 50 signals at the DUT 301. In step 319 , compare the detected 
103-2 ... 103 - m . Each element is fed by a variable gain values with the values expected from an ideal phased array 
amplifier and phase shifter which are part of gain / phase and calculate adjusted values for the phase and gain for the 
control block 199 of FIG . 1A , shown in detail in FIG . 1B . elements 303-1 , 303-2 ... 303 - m of the receive array 301 . 
In particular , each element is fed by a variable gain amplifier In step 321 , apply the new values to the array . 
105-1 , 105-2 ... 105 - m and phase shifter 197-1 , 197-2 , 55 FIG . 4 shows the situation after calibration , with like 
197 - m in an arrangement providing gain and phase control . elements having the same reference character . The main lobe 
The signal to be transmitted is shown at 107. The references 415 is now lined up with Reference 2 309-2 and the side 
1 , 2 ... N numbered 109-1 , 109-2 ... 109 - N are located at lobes 411 , 413 are of similar size and lined up with Refer 
polar coordinates R , 0 , Q relative to the DUT 101 at ence 1 309-1 and Reference N 309 - N respectively . 
locations of interest ; in this instance , nominally aligned with 60 In one or more embodiments , for a phased array , already 
side lobes 111 , 113 and main lobe 115. FIG . 1A shows the existing gain and phase adjustment knobs are used for 
situation before calibration . Main lobe 115 is not lined up actuating the correction . In an RF phase shifting architec 
with Reference 2 109-2 and side lobes 111 , 113 are unequal . ture , gain and phase actuators are located in the RF chain . In 
The references 109-1 , 109-2 ... 109 - N are the above a local oscillator ( LO ) phase shifting architecture , gain 
mentioned golden receivers , in this non - limiting exemplary 65 actuators are located in the RF chain , and phase actuators are 
embodiment . In step 117 , detect the phase and amplitude of in the local oscillator signals . In an intermediate frequency 
the received signal on the reference detectors 109-1 , ( IF ) phase shifting architecture , gain and phase actuators are 
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located at IF . In a baseband phase shifting architecture , gain In one or more embodiments , in the locating step , at least 
and phase actuators are located at the analog and / or digital one of the plurality of pre - characterized reference detectors 
baseband . is located at an expected side lobe 111 , 113 of the array of 

As noted above , one or more embodiments provide one or antenna elements . 
more of : In at least some instances , the sensing is carried out while 

Fast , electronically controlled measurements without maintaining a highest main beam power level for the array 
need for mechanical movements reduces test time by of antenna elements . 
orders of magnitude In some cases , in the locating step , the array of antenna 

No RF measurements are required : all measurements elements includes a phased array . 
taken at baseband frequencies reducing measurement 10 In one or more embodiments , in the locating step , the 
costs plurality of pre - characterized reference detectors include 

End to end calibration method measuring the performance nominal duplicates ( “ golden chips " ) of the array of antenna 
of interest directly , rather than modeling the beam elements , characterized via over - the - air radio frequency 
pattern using indirect measurements measurements . Note that the “ golden chips ” can , but need 

Calibration of imperfections and variations among indi- 15 not , be used as the detectors . Any suitable detectors can be 
vidual antenna radiation patterns ( prior art methods used . However , an advantage to using the “ golden chips ” as 
assume a uniform , identical radiation patterns between detectors is that these chips can take the RF down to 
antennas ) baseband so that RF detection is not needed . This reduces 

Scalable technique : accuracy can be easily improved by the cost of the setup . Both a transmitter and a receiver are 
scaling the number of golden references 20 needed in the same location , frequency , and bandwidth 

Optionally , the complete beam pattern can be estimated . specifications , in one or more embodiments , which is 
Assume an N - element array , with k different directions . The another advantage of using the “ golden chips . ” The “ golden 
number of unknowns is N * ( 2 + k ) . This is so because the chips ” are chips measured using conventional techniques , 
phase of each of the N elements is an unknown , thus N which come close to the theoretical performance . 
unknowns ; the gain of each of the N elements is also 25 Optionally , the complete beam pattern can be estimated 
unknown , thus another N unknowns ; and the beam pattern for the array of antenna elements , as discussed above . 
of each of the N antennas is unknown ; with K different Furthermore , given the discussion thus far , it will be 
directions , this corresponds to N * k unknowns . There will be appreciated that , in general terms , an exemplary method of 
M * p data points , where M is the number of golden chips and calibrating an array of antenna elements in a receive mode 
p is the number of DUT settings . Knowledge about the 30 includes locating the array of antenna elements 301 , 301A in 
unknowns can be used to build a model based on the M * p relation with a plurality of pre - characterized reference trans 
data points . mitters 309-1 , 309-2 ... 309 - N . A further step includes 

Advantageously , one or more embodiments do not need to sensing , at baseband frequencies , with the array of antenna 
employ RF signals for calibration and do not require elements , at a plurality of phase and gain settings , a receive 
mechanical movements during calibration . On the contrary , 35 radiation pattern of the array of antenna elements , received 
one or more embodiments provide fast , electronically con from the plurality of pre - characterized reference transmit 
trolled measurements at baseband frequencies , covering ters , to detect mismatch among two or more elements of the 
multiple antenna directions . Furthermore , one or more array of antenna elements . A still further step includes 
embodiments calibrate and / or evaluate the complete array updating phase and gain settings for the array of antenna 
response performance , as opposed to some prior art tech- 40 elements to correct the mismatch , as seen in FIG . 4 . 
niques which calibrate the individual responses of different In one or more embodiments , in the locating step , at least 
TX and RX paths within the antenna array . Even further , one of the plurality of pre - characterized reference transmit 
while one or more embodiments employ pre - calibrated ters is located at an expected side lobe 311 , 313 of the array 
transmitters or receivers , these are external to the DUT and of antenna elements . 
hence do not impact its cost or complexity . In addition , one 45 In at least some instances , the sensing is carried out while 
or more embodiments calibrate for the beam pattern of an maintaining a highest main beam receiver gain for the array 
antenna array from an RF performance perspective and of antenna elements . 
measure beam pattern relevant metrics such as side lobes , In some cases , in the locating step , the array of antenna 
but do not consider network - level performance . Moreover , elements includes a phased array . 
one or more embodiments calibrate an antenna array accord- 50 In one or more embodiments , in the locating step , the 
ing to its radiation pattern performance , and do not deal with plurality of pre - characterized reference transmitters include 
channel characteristics . nominal duplicates ( “ golden chips ” as discussed above ) of 

Given the discussion thus far , it will be appreciated that , the array of antenna elements , characterized via over - the - air 
in general terms , an exemplary method of calibrating an radio frequency measurements . 
array of antenna elements in a transmit mode includes 55 Optionally , the complete beam pattern can be estimated 
locating the array of antenna elements 101 , 101A in relation for the array of antenna elements , as discussed above . 
with a plurality of pre - characterized reference detectors In another aspect , referring to FIGS . 1A and 1B , an 
109-1 , 109-2 ... 109 - N ( detector and receiver used inter antenna calibration system is provided for calibrating an 
changeably herein ) . A further step includes sensing , at array of antenna elements 103-1 , 103-2 . . . 103 - m in a 
baseband frequencies , with the plurality of pre - characterized 60 transmit mode . The system includes an array of variable gain 
reference detectors , at a plurality of phase and gain settings , amplifiers and phase shifters 105-1 , 105-2 . . . 105 - m and 
a transmit radiation pattern ( e.g. , lobes 111 , 115 , 113 ) of the 197-1 , 197-2 , 197 - m corresponding to the array of antenna 
array of antenna elements , to detect mismatch among two or elements and having a transmit signal input 107 and a 
more elements of the array of antenna elements . A still plurality of gain and phase control inputs ( input to each amp 
further step includes updating phase and gain settings for the 65 and phase shifter from output of step 121 ) . Also included are 
array of antenna elements to correct the mismatch , as seen a plurality of pre - characterized reference detectors 109-1 , 
in FIG . 2 . 109-2 ... 109 - N , located in relation with the array of antenna 
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elements , and positioned to sense , at baseband frequencies , shifters 305-1 , 305-2 ... 305 - m and 397-1 , 397-2 , 397 - m 
at a plurality of phase and gain settings of the array of corresponding to the array of antenna elements and having 
variable gain amplifiers and phase shifters , a transmit radia a receive signal output 307 and a plurality of gain and phase 
tion pattern of the array of antenna elements , to detect control inputs ( input to each amp and phase shifter from 
mismatch among two or more elements of the array of 5 output of step 321 ) . Also included are a plurality of pre 
antenna elements . The system further includes logic config characterized reference transmitters 309-1 , 309-2 ... 309 - N , 
ured to update phase and gain settings of the array of located in relation with the array of antenna elements , and 
variable gain amplifiers and phase shifters for the array of positioned to radiate to the array of antenna elements . The 
antenna elements to correct the mismatch . This logic takes system further includes logic configured to update phase and 
as an input the received signal from each of the plurality of 10 gain settings of the array of variable gain amplifiers and 
pre - characterized reference detectors 109-1 , 109-2 . phase shifters for the array of antenna elements to correct 
109 - N . mismatch among two or more elements of the array of 

In one or more embodiments , the aforementioned logic antenna elements sensed , at baseband frequencies , with the 
carries out steps 117 , 119 , and 121 , and is configured to array of antenna elements . This logic takes as an input the 
update the phase and gain settings . The logic is implemented 15 received signal 307 and the transmitted signal from each of 
on a computer which senses the outputs from the references the plurality of pre - characterized reference transmitters 309 
and carries out an optimization algorithm to maximize the 1 , 309-2 ... 309 - N . 
energy in the desired lobe ( s ) ( e.g. , 115 ) and minimize the In one or more embodiments , the aforementioned logic 
energy in undesirable lobe ( s ) ( e.g. , 111 , 113 ) . The output of carries out steps 317 , 319 , and 321 , and is configured to 
the optimization algorithm per se is the desired sensed 20 update the phase and gain settings . The logic is implemented 
readings at the references 109 while the input ( s ) of the on a computer which senses the received signal at each of 
optimization algorithm per se are the independent variables the elements 303 , and carries out an optimization algorithm 
( control signals gain ( s ) and phase ( s ) of the amplifiers 105 to maximize the energy in the desired lobe ( s ) ( e.g. , 315 ) and 
and phase shifters 197 ) . If there are m amplifiers there will minimize the energy in undesirable lobe ( s ) ( e.g. , 311 , 313 ) . 
be 2 * m independent variables . What is being optimized is 25 The output of the optimization algorithm per se is the desired 
the beam pattern , which is sensed as the amount of power sensed readings at the elements 303 while the input ( s ) of the 
received at specific points ( i.e. the references 109 ) . The optimization algorithm per se are the independent variables 
desired pattern is known ; e.g. , maximize power at reference ( control signals gain ( s ) and phase ( s ) of the amplifiers 305 
109-2 and minimize it at reference 109-1 and reference and phase shifters 397 ) . If there are m amplifiers there will 
109 - N . In one or more embodiments , a linear optimization 30 be 2 * m independent variables . What is being optimized is 
is undertaken and / or a convex optimization algorithm is the beam pattern , which is sensed as the amount of power 
employed . received at specific points ( i.e. the elements 303 ) . The 

The technique to identify the correct gain and phase desired pattern is nown ; e.g. , maximize power in lobe 315 
coefficients can employ many existing closed - loop optimi and minimize it at lobes 311 , 313. Regarding the technique 
zation algorithms . Since this is an optimization problem 35 to identify the correct gain and phase coefficients , the above 
where we are already close to the optimum value , it is comments about optimization algorithms can be applied 
possible to use methods that can find a local minimum based analogously in the receive - mode case of FIG . 3 . 
on the estimated gradient of the objective function ( here , a In one or more embodiments , the plurality of pre - char 
particular function of the radiation pattern ) . Examples of acterized reference transmitters are located at an expected 
these methods include batch gradient descent , stochastic 40 main lobe 415 and side lobes 411 , 413 of the array of 
gradient descent , and mini - batch gradient descent . Further antenna elements ( reference characters 411 , 413 , 415 
more , it is possible to use adaptive filter algorithms to employed since after calibration , lobes are in expected 
estimate the amount of gain and phase errors in the phased form ) . 
array system . Examples of such algorithms include least In some instances , the claimed antenna calibration system 
mean squares ( LMS ) , recursive least squares ( RLS ) , and 45 does not include the array of antenna elements per se to be 
Kalman filters . Given the teachings herein , the skilled arti calibrated ; rather , they are treated as a workpiece . In other 
san will be able to select a suitable optimization technique instances , the array of antenna elements to be calibrated are 
to implement one or more embodiments . themselves claimed as part of the system . 

In one or more embodiments , the plurality of pre - char As noted , the reference transmitters may , but need not , be 
acterized reference detectors are located at an expected main 50 so - called “ golden ” chips — thus , in some instances , the plu 
lobe 215 and side lobes 211 , 213 of the array of antenna rality of pre - characterized reference transmitters include 
elements ( reference characters 211 , 213 , 215 employed since nominal duplicates of the array of antenna elements , char 
after calibration , lobes are in expected form ) . acterized via over - the - air radio frequency measurements . 

In some instances , the claimed antenna calibration system Elements of one or more embodiments of the invention 
does not include the array of antenna elements per se to be 55 can be implemented , at least in part , in the form of an 
calibrated ; rather , they are treated as a workpiece . In other apparatus including a memory and at least one processor that 
instances , the array of antenna elements to be calibrated are is coupled to the memory and operative to perform exem 
themselves claimed as part of the system . plary method steps . 

As noted , the reference detectors may , but need not , be One or more embodiments can make use of software 
so - called “ golden ” chips — thus , in some instances , the plu- 60 running on a general purpose computer or workstation ( e.g. , 
rality of pre - characterized reference detectors include nomi to implement steps 117 , 119 , 121 and / or 317 , 319 , 321 
nal duplicates of the array of antenna elements , character and / or to carry out optimization and / or amplifier and phase 
ized via over - the - air radio frequency measurements . shifter gain and phase control ) . With reference to FIG . 7 , 

In a further aspect , referring to FIGS . 3A and 3B , an such an implementation might employ , for example , a 
antenna calibration system for calibrating an array of 65 processor 702 , a memory 704 , and an input / output interface 
antenna elements 303-1 , 303-2 ... 303 - m in a receive mode formed , for example , by a display 706 and a keyboard 708 . 
includes an array of variable gain amplifiers and phase The term “ processor ” as used herein is intended to include 
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any processing device , such as , for example , one that of network adapters . In one or more embodiments , network 
includes a CPU ( central processing unit ) and / or other forms interface 714 and / or sensor interface 720 collect data and 
of processing circuitry . Further , the term " processor ” may also send control signals . 
refer to more than one individual processor . The term Computer - human interfaces can be provided using , for 
“ memory ” is intended to include memory associated with a 5 example , a suitable graphical user interface ( GUI ) wherein 
processor or CPU , such as , for example , RAM ( random a server serves html out to a browser on a user's client 
access memory ) , ROM ( read only memory ) , a fixed memory machine . Interfaces between software and / or hardware ele 
device ( for example , hard drive ) , a removable memory ments can employ hard - wired connections , networks , data 
device ( for example , diskette ) , a flash memory and the like . base programs to retrieve parameters from persistent stor 
In addition , the phrase " input / output interface ” as used age , application programming interfaces ( APIs ) , shared data 
herein , is intended to include , for example , one or more structures , and the like . 

As used herein , including the claims , a “ server ” includes mechanisms for inputting data to the processing unit ( for a physical data processing system ( for example , system 712 example , mouse ) , and one or more mechanisms for provid as shown in FIG . 7 ) running a server program . It will be 
ing results associated with the processing unit ( for example , 15 understood that such a physical server may or may not 
printer ) . The processor 702 , memory 704 , and input / output include a display and keyboard . 
interface such as display 706 and keyboard 708 can be It should be noted that any of the methods described 
interconnected , for example , via bus 710 as part of a data herein can include an additional step of providing a system 
processing unit 712. Suitable interconnections , for example comprising distinct software modules embodied on a com 
via bus 710 , can also be provided to a network interface 714 , 20 puter readable storage medium ; the modules can include , for 
such as a network card , which can be provided to interface example , any or all of the elements depicted in the block 
with a computer network ; to a media interface 716 , such as diagrams or other figures and / or described herein . The 
a diskette or CD - ROM drive , which can be ovided to method steps can then be carried out using the distinct 
interface with media 718 ; and / or to a sensor interface 720 , software modules and / or sub - modules of the system , as 
such as analog - to - digital converter ( s ) or the like , which can 25 described above , executing on one or more hardware pro 
be provided to interface with sensors or items to be con cessors 702. Further , a computer program product can 
trolled ; e.g. , the references , antenna elements , phase shifters , include a computer - readable storage medium with code 

adapted to be implemented to carry out one or more method amps , etc. 
Interfaces 714 and 720 are generally representative of a steps described herein , including the provision of the system 

variety of techniques for communicating with and control- 30 with the distinct software modules . 
ling the various elements discussed herein . For example , Exemplary System and Article of Manufacture Details 

The present invention may be a system , a method , and / or processor 702 can communicate with the references , antenna 
elements , phase shifters , amps , etc. over a wired or wireless a computer program product . The computer program prod 

uct may include a computer readable storage medium ( or computer network or directly with cabling . 35 media ) having computer readable program instructions A suitable optimization module may be stored in persis thereon for causing a processor to carry out aspects of the tent memory and loaded into volatile memory to configure present invention . 
processor 702 to carry out the techniques described herein . The computer readable storage medium can be a tangible Accordingly , computer software including instructions or device that can retain and store instructions for use by an 
code for performing the methodologies of the invention , as 40 instruction execution device . The computer readable storage 
described herein , may be stored in one or more of the medium may be , for example , but is not limited to , an 
associated memory devices ( for example , ROM , fixed or electronic storage device , a magnetic storage device , an 
removable memory ) and , when ready to be utilized , loaded optical storage device , an electromagnetic storage device , a 
in part or in whole ( for example , into RAM ) and imple semiconductor storage device , or any suitable combination 
mented by a CPU . Such software could include , but is not 45 of the foregoing . A non - exhaustive list of more specific 
limited to , firmware , resident software , microcode , and the examples of the computer readable storage medium includes 
like . the following : a portable computer diskette , a hard disk , a 

A data processing system suitable for storing and / or random access memory ( RAM ) , a read - only memory 
executing program code will include at least one processor ( ROM ) , an erasable programmable read - only memory 
702 coupled directly or indirectly to memory elements 704 50 ( EPROM or Flash memory ) , a static random access memory 
through a system bus 710. The memory elements can ( SRAM ) , a portable compact disc read - only memory ( CD 
include local memory employed during actual implementa ROM ) , a digital versatile disk ( DVD ) , a memory stick , a 
tion of the program code , bulk storage , and cache memories floppy disk , a mechanically encoded device such as punch 
which provide temporary storage of at least some program cards or raised structures in a groove having instructions 
code in order to reduce the number of times code must be 55 recorded thereon , and any suitable combination of the fore 
retrieved from bulk storage during implementation . going . A computer readable storage medium , as used herein , 

Input / output or 1/0 devices ( including but not limited to is not to be construed as being transitory signals per se , such 
keyboards 708 , displays 706 , pointing devices , and the like ) as radio waves or other freely propagating electromagnetic 
can be coupled to the system either directly ( such as via bus waves , electromagnetic waves propagating through a wave 
710 ) or through intervening I / O controllers ( omitted for 60 guide or other transmission media ( e.g. , light pulses passing 
clarity ) . through a fiber - optic cable ) , or electrical signals transmitted 
Network adapters such as network interface 714 may also through a wire . 

be coupled to the system to enable the data processing Computer readable program instructions described herein 
system to become coupled to other data processing systems can be downloaded to respective computing / processing 
or remote printers or storage devices through intervening 65 devices from a computer readable storage medium or to an 
private or public networks . Modems , cable modem and external computer or external storage device via a network , 
Ethernet cards are just a few of the currently available types for example , the Internet , a local area network , a wide area 
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network and / or a wireless network . The network may com mented process , such that the instructions which execute on 
prise copper transmission cables , optical transmission fibers , the computer , other programmable apparatus , or other 
wireless transmission , routers , firewalls , switches , gateway device implement the functions / acts specified in the flow 
computers and / or edge servers . A network adapter card or chart and / or block diagram block or blocks . 
network interface in each computing / processing device 5 The flowchart and block diagrams in the Figures illustrate 
receives computer readable program instructions from the the architecture , functionality , and operation of possible 
network and forwards the computer readable program implementations of systems , methods , and computer pro 
instructions for storage in a computer readable storage gram products according to various embodiments of the 
medium within the respective computing processing device . present invention . In this regard , each block in the flowchart 

Computer readable program instructions for carrying out 10 or block diagrams may represent a module , segment , or 
operations of the present invention may be assembler portion of instructions , which comprises one or more 
instructions , instruction - set - architecture ( ISA ) instructions , executable instructions for implementing the specified logi 
machine instructions , machine dependent instructions , cal function ( s ) . In some alternative implementations , the 
microcode , firmware instructions , state - setting data , or functions noted in the block may occur out of the order noted 
either source code or object code written in any combination 15 in the figures . For example , two blocks shown in succession 
of one or more programming languages , including an object may , in fact , be executed substantially concurrently , or the 
oriented programming language such as Smalltalk , C ++ or blocks may sometimes be executed in the reverse order , 
the like , and conventional procedural programming lan depending upon the functionality involved . It will also be 
guages , such as the “ C ” programming language or similar noted that each block of the block diagrams and / or flowchart 
programming languages . The computer readable program 20 illustration , and combinations of blocks in the block dia 
instructions may execute entirely on the user's computer , grams and / or flowchart illustration , can be implemented by 
partly on the user's computer , as a stand - alone software special purpose hardware - based systems that perform the 
package , partly on the user's computer and partly on a specified functions or acts or carry out combinations of 
remote computer or entirely on the remote computer or special purpose hardware and computer instructions . 
server . In the latter scenario , the remote computer may be 25 The descriptions of the various embodiments of the 
connected to the user's computer through any type of present invention have been presented for purposes of 
network , including a local area network ( LAN ) or a wide illustration , but are not intended to be exhaustive or limited 
area network ( WAN ) , or the connection may be made to an to the embodiments disclosed . Many modifications and 
external computer ( for example , through the Internet using variations will be apparent to those of ordinary skill in the 
an Internet Service Provider ) . In some embodiments , elec- 30 art without departing from the scope and spirit of the 
tronic circuitry including , for example , programmable logic described embodiments . The terminology used herein was 
circuitry , field - programmable gate arrays ( FPGA ) , or pro chosen to best explain the principles of the embodiments , the 
grammable logic arrays ( PLA ) may execute the computer practical application or technical improvement over tech 
readable program instructions by utilizing state information nologies found in the marketplace , or to enable others of 
of the computer readable program instructions to personalize 35 ordinary skill in the art to understand the embodiments 
the electronic circuitry , in order to perform aspects of the disclosed herein . 
present invention . What is claimed is : 

Aspects of the present invention are described herein with 1. A method of calibrating an array of antenna elements in 
reference to flowchart illustrations and / or block diagrams of a transmit mode , said method comprising the steps of : 
methods , apparatus ( systems ) , and computer program prod- 40 locating said array of antenna elements in relation with a 
ucts according to embodiments of the invention . It will be plurality of pre - characterized reference detectors such 
understood that each block of the flowchart illustrations that at least one of said plurality of pre - characterized 
and / or block diagrams , and combinations of blocks in the reference detectors is located at an expected side lobe 
flowchart illustrations and / or block diagrams , can be imple of said array of antenna elements ; 
mented by computer readable program instructions . sensing , at baseband frequencies , with said plurality of 

These computer readable program instructions may be pre - characterized reference detectors , at a plurality of 
provided to a processor of a general purpose computer , phase and gain settings , a transmit radiation pattern of 
special purpose computer , or other programmable data pro said array of antenna elements , to detect mismatch 
cessing apparatus to produce a machine , such that the among two or more elements of said array of antenna 
instructions , which execute via the processor of the com- 50 elements ; and 
puter or other programmable data processing apparatus , updating phase and gain settings for said array of antenna 
create means for implementing the functions / acts specified elements to correct said mismatch . 
in the flowchart and / or block diagram block or blocks . These 2. The method of claim 1 , wherein said sensing is carried 
computer readable program instructions may also be stored out while maintaining a highest main beam power level for 
in a computer readable storage medium that can direct a 55 said array of antenna elements . 
computer , a programmable data processing apparatus , and / 3. The method of claim 1 , wherein , in said locating step , 
or other devices to function in a particular manner , such that said array of antenna elements comprise a phased array . 
the computer readable storage medium having instructions 4. The method of claim 1 , wherein , in said locating step , 
stored therein comprises an article of manufacture including said plurality of pre - characterized reference detectors com 
instructions which implement aspects of the function / act 60 prise nominal duplicates of said array of antenna elements , 
specified in the flowchart and / or block diagram block or characterized via over - the - air radio frequency measure 
blocks . ments . 

The computer readable program instructions may also be 5. The method of claim 1 , further comprising estimating 
loaded onto a computer , other programmable data process a complete beam pattern for said array of antenna elements . 
ing apparatus , or other device to cause a series of operational 65 6. An antenna calibration system for calibrating an array 
steps to be performed on the computer , other programmable of antenna elements in a transmit mode , said system com 
apparatus or other device to produce a computer imple prising : 

45 
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an array of variable gain amplifiers and phase shifters 

corresponding to the array of antenna elements and 
having a transmit signal input and a plurality of gain 
and phase control inputs ; 

a plurality of pre - characterized reference detectors , 5 
located in relation with the array of antenna elements , 
at an expected main lobe and side lobes of the array of 
antenna elements , and positioned to sense , at baseband frequencies , at a plurality of phase and gain settings of 
said array of variable gain amplifiers and phase shifters , 10 
a transmit radiation pattern of the array of antenna 
elements , to detect mismatch among two or more 
elements of the array of antenna elements ; and 

logic configured to update phase and gain settings of said 
array of variable gain amplifiers and phase shifters for 15 
the array of antenna elements to correct said mismatch . 

7. The antenna calibration system of claim 6 , further 
comprising said array of antenna elements . 

8. The antenna calibration system of claim 7 , wherein said 
plurality of pre - characterized reference detectors comprise 20 
nominal duplicates of the array of antenna elements , char 
acterized via over - the - air radio frequency measurements . 


